Strong electron correlations in the normal state of FeSeo.42Teo.58 
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We investigate the normal state of the '11' iron-based superconductor FeSeo.42Teo.58 by angle 
resolved photoemission. Our data reveal a highly renormalized quasiparticle dispersion characteristic 
of a strongly correlated metal. We find sheet dependent effective carrier masses between « 3 — 16 m e 
corresponding to a mass enhancement over band structure values of m*/m.band ~ 6 — 20. This is 
nearly an order of magnitude higher than the renormalization reported previously for iron-arsenide 
superconductors of the Till' and '122' families but fully consistent with the bulk specific heat. 

PACS numbers: 74.25. Jb,74.70.Xa, 79.60.-i 
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The discovery of superconductivity with a high tran- 
sition temperature in layered ferro-pnicitides [if Q was 
a major advance in material science and has motivated 
intense work on ferrous superconductors. Although the 
electronic structure of the ferro-pnicitides is clearly dif- 
ferent from the cuprate high-temperature superconduc- 
tors, they share a tendency towards magnetically or- 
dered states in the vicinity of the superconducting phase. 
A key-difference to cuprates, however, is the absence 
of a Mott-insulating phase. This raises the question 
of whether electronic correlations are important in iron 
based superconductors and how they manifest themselves 
in the electronic structure. 

Early dynamical mean field theory (DMFT) calcula- 
tions of the electronic correlations reported conflicting 
results ranging from weakly enhanced metallic states to 
strongly correlated systems on the verge of a Mott metal- 
insulator transition 0,0]. However, spectroscopi c mea- 



suremcnts and quantum oscillation studies [IlTJl^ 

in 1111 and 122 ferro pnictides of the form ReFePnO 
and j4eFe2Pn2 (Re = rare earth, Ae = alkaline earth, 
Pn = As, P) consistently showed weak to moderate 
correlations with a sheet dependent mass enhancement 
m*/mband = F3 — 2.1. This is comparable to elemental 



Fe [14j and the phonon induced enhancement in MgB2 



[la ] but significantly lower that the renormalization seen 
in most transition metal oxides including the cuprate 
high temperature superconductors 0, HH . More recent 
systematic DMFT calculations reproduced this behav- 
ior and showed that earlier reports overestimated corre- 
lations mainly because of an incomplete account of the 
hybridization between Fe d and pnictogen p states 



17] 



In this letter we show that the above picture of weak 
correlations does not apply to the 11 family of iron based 
superconductors FeSe^Tei-j;. Our ARPES data from the 
ternary iron chalcogenide FeSeo.42Teo.58 show a simple 
non-reconstructed Fermi surface (FS) that is well repro- 



duced by band structure calculations, which allows us to 
determine the mass enhancement for all Fermi surface 
sheets. In stark contrast to the moderately correlated 
(FePn) ~~ families we find mass renormalization factors up 
to m*/mband ~ 20 comparable to the most strongly en- 
hanced transition metal oxides and exceeding the renor- 
malization in cuprates by several times. Our findings are 
fully consistent with the high bulk specific heat coeffi- 
cient of s» 39 mJ/mol K 2 [18| and demonstrate that the 
electronic properties of Fe(Se,Te) are remarkably differ- 
ent from the 122 and 1111 ferro-pnicitides. 

Iron-chalcogenides share the main structural motif of 
square planar sheets of tetrahedrally coordinated Fe with 
the 1111 and 122 (FcPn)~ families. Superconductivity 
with T c around 9 - 14 K and up to 37 K under moder- 
ate pressure is observed for a range of intermediate Se 
concentrations and for the end member Fei+^Se 18-23]]. 
DFT calculations indicate an electronic structure very 
similar to the ferro pnictides 24 , 2|| consistent with a re- 
cent ARPES study of non-superconducting Fei+^Te [2r3 |. 
Fe(Se,Te) does not order magnetically for intermediate 
Te concentrations but exhibits strong spin fluctuations 
with a propagation vector near (jr, it), where a static 
spin-density wave forms in iron- arsenides [27-29]. All 
these similarities point to the importance of the '11' com- 
pounds for understanding superconductivity in Fe based 
compounds. 

The superconducting single crystals used in this work 
had T c = 11.5(1) K and were grown in KCl/NaCl 
(1:1) flux at 800°C from a powder precursor, which was 
prepared as described elsewhere [19(. A composition 
Fei.oSeo.42(2)Teo.58(2) was determined from single crys- 
tal x-ray diffraction and confirmed by energy dispersive 
x-ray analysis (EDX). ARPES experiments have been 
performed with a SPECS Phoibos 225 analyzer and a 
monochromatized He discharge lamp. Energy and angu- 
lar resolutions were set to 12 meV / 0.3°. All samples 
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FIG. 1: (a) STM topograph of a cleaved surface taken at 
T = 6 K in a 40 nm-square field of view with a 12 nm square 
inset showing the atomically resolved (Se,Te) surface layer 
(V = 146 mV, I = 0.44 nA). (b) LEED pattern taken with a 
primary beam energy of 234 eV. The reciprocal lattice vectors 
of the orthorhombic phase are indicated by black arrows. (c,d) 
Schematic of the crystal structure and Brillouin zone (not to 
scale). The conventional orthorhombic and a primitive unit 
cell of the low temperature orthorhombic phase are indicated 
in green and black in (c). 



were cleaved at T « 12 K along the ab- plane and mea- 
sured at a pressure < 5 x 1CP 11 mbar. Additional data at 
higher photon energies were taken at the SIS beamline of 
the Swiss Light Source. Band structure calculation were 
performed for stoichiometric FeSe and FeTe using the 
augmented plane wave plus local orbital method imple- 
mented in the WIEN2K code [30J and the orthorhombic 
lattice parameters of Fe(Se,Te) from Gresty et al. [l9[ 
with relaxed chalcogen heights. The resulting electronic 
structure closely resembles the one reported in Ref. [24[ 
for a tetragonal unit cell. 

In Fig. 1 we summarize the structural properties rel- 
evant for this paper. FeSeo.42Teo.58 undergoes a struc- 
tural phase transition around 40 K from tetragonal to 
a metrically orthorhombic phase (space group Cmma) 
at low temperature [19}. The associated orthorhombic 
strain (a — b)/(a + b) = 9 x 10~ 4 is smaller than in FeSe 
but comparable to doped 122 and 1111 fcrro-pnicitides 
31]. Importantly, neutron scattering does not show signs 
of magnetic ordering down to 4 K 27-29|. Hence, the 
structural transition does not increase the basis set and 
does not lead to a back-folding of the electronic band 
structure, thus removing much of the complexity found in 
the spin-density wave phase of pnictides. Moreover, the 
FeSe^Tei-x system consists of neutral Fe(Se,Te) units as 
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FIG. 2: (a) Fermi surface mapping of FeSeo.42Teo.58 measured 
with 21.2 eV excitation energy and p polarization at T=12 K. 
The photoemission intensity has been integrated over 10 meV 
about the chemical potential. At this photon energy, k z is 
approximately 2.7 A, which is near the Z point in the third 
BZ. In (b) we compare the extracted contours with the DFT 
Fermi surface of FeSe. Dotted and solid lines correspond to 
the basal plane and mid-plane FS, respectively. 



compared to the singly charged (FcPn)~ units in pnic- 
tides and lacks guest ions or interleaved slabs in the 
van der Waals gap. This leads to structurally simpler- 
surfaces of cleaved samples and renders the iron chalco- 
genides particularly amenable to surface sensitive probes 
such as ARPES [32j. The high surface quality achieved 
on FeSeo.42Teo.58 is evident from the topographic STM 
image in Fig. 1(a) showing the bulk truncated and atom- 
ically resolved (Te,Se) lattice over a large area. We iden- 
tify the depressions with Se, the atoms appearing at in- 
termediate height with Te and the occasional bright pro- 
trusions with excess iron atoms embedded in the chalco- 
gen layer. From an analysis of m 3600 unit cells we de- 
rive a Se/Te content of 0.44(1)/0.56(1) and « 0.1% ex- 
cess iron in excellent agreement with the EDX analysis. 
The absence of super-lattice spots and the relatively low 
background in low energy electron diffraction (LEED) 
patterns (Fig. 1(b)) confirms the above finding of a highly 
ordered surface with the translational symmetry of the 
bulk. 

The ARPES Fermi surface of FeSeo.42Teo.58 is shown 
in Fig. 2(a). The most intense feature at the T point is 
due to a hole like band that barely touches the Fermi level 
as will be discussed later. Two weaker circular contours 
centered at the T point define the 02,3 hole-like Fermi 
surface pockets with volumes of 2.5(5) and 4.1(8)% of 
the Brillouin zone (BZ), respectively 33j. This charge is 
compensated by slightly elongated electron pockets (/?) 
at the M-points with an area of 3.2(7)% BZ. Strong ma- 
trix element effects highlight the pocket with its long axis 
pointing radially away from the first T point, while the 
second pocket is not discernible in our data 34|. A sim- 
ilar effect has been observed in the paramagnetic phase 
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FIG. 3: (a,b) Band dispersion along XrM (21.2 eV, s- 
polarization, T=12 K). The inset shows data around the M- 
point, divided by a smooth function to enhance the contrast 
{hv — 36 eV). The white line is a guide to the eye. (c) DFT 
band structure calculation for FeSe. The dispersion of the 
low-energy excitations extracted from the data in (a) is over- 
laid. 



of Ba(Fei_ K Co 2: )As2 0j- Assuming two electron pock- 
ets of identical size and a two-dimensional Fermi sur- 
face we obtain a Luttinger volume of —0.004 ± 0.01 elec- 
trons/unit cell, in excellent agreement with the expec- 
tation for a compensated metal. The DFT calculation 
for FeSe shown in Fig. 2(b) qualitatively reproduces the 
experimental FS although it slightly overestimates the 
volumes. Since the orthorhombic strain in FeSeo.42Teo.5s 
is over an order of magnitude smaller than shown in the 
sketch in Fig. 1(d) it has a minute effect on the shape of 
the Brillouin zone. For simplicity we thus plot all data 
in the square tetragonal zone. 

The relatively simple Fermi surface of FeSeo.42Teo.5s 
has motivated us to investigate the interaction induced 
mass enhancement by comparing the measured disper- 
sion with band structure calculations. Fig. 3(a) shows 
the ARPES intensity along XrM. At the T point two 
intense hole-like bands are clearly resolved and a third 
weaker band is discernible. Although the ot\ band con- 
tributes high intensity to the FS map (Fig. 2(a)) it does 
not contribute to the Fermi surface but reaches a top near 
-15 meV at the T point. The shallow M-point electron 
pocket is more clearly visible in the inset showing data 
at hv = 36 eV. 

At very low energy we find a one-to-one correspon- 
dence between the quasiparticle excitations and the DFT 
band structure for FeSe shown in Fig. 3(b). However, 
the group velocities are strongly renormalized in the ex- 
periment. The effect is most marked for the 0:3 and /3 
sheets, which also have the lowest quasiparticle weights. 
We have extracted quasiparticle velocities from fits to 
energy distribution curves from multiple cleaves using 
empirical spectral functions and by analyzing the sec- 
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FIG. 4: (a,b) Orbital character of the DFT wave functions 
for FeSe and FeTe in a coordinate system defined by the Fe 
lattice. (c,d) Polarization dependence of the ARPES intensity 
along the TM mirror plane (see Fig. 1(c) for a definition of 
the scattering planes). 



ond derivatives. For the 0:3 hole pocket, we obtain a 
Fermi velocity vf ~ 0.09 eVA corresponding to a renor- 
malization of m*/ m band = ^band/^F ~ 17. A compa- 
rable mass enhancement of t>band/^F ~ 20 is found for 
the f3 electron pocket, while the smaller a<i hole pocket 
with Vbund/vF ~ 6 is slightly less affected by interac- 
tions. Only the ot\ band, which does not contribute to 
the Fermi surface retains a relatively high group velocity 
comparable to the calculation. 

Use of the DFT band structure for FeSe to estimate 
the mass enhancement is supported by the polarization 
dependent ARPES measurements and calculations of the 
orbital character shown in Fig. 4. Strikingly, the calcu- 
lations predict a different order of bands at the Y point 
for FeSe and FeTe, with the d x 2_ y 2 orbital below the 
d xz ,yz bands in FeSe but above in FeTe. These orbitals 
can be distinguished in ARPES from the polarization 
dependence of their matrix elements. Using dominantly 
odd polarization (s) with respect to the mirror plane in- 
dicated by the red dashed line in Fig. 1(c) suppresses 
orbitals of even symmetry (d x 2_ v 2, d z 2, d xz ). Hence we 
can relate the bands with higher intensity in Fig. 4(c) {p- 
pol.) than (d) (s-pol.) to even orbitals. This strongly 
suggest that the o.\ band is of d x 2_ y 2 character while the 
strong feature at -0.3 eV stems from d z 2 bands, a behav- 
ior that is well reproduced by the calculation for FeSe but 
inconsistent with the order of bands predicted for FeTe. 

Before proceeding to a discussion of the above results 
we briefly consider possible shortcomings of our analy- 
sis. Given that DFT calculations indicate a polar surface 
for Fe(Te,Se) 24 1 it is not a priori clear that the near 
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surface electronic structure measured by ARPES is bulk 
representative. For a metal, this can be tested stringently 
by comparing the electronic specific heat calculated from 
the sum of all low-energy excitations seen in ARPES 
with the direct measurement (35[. To this end, we first 
calculate the quasiparticle masses m* — Tikp/vF using 
Fermi velocities and wave numbers averaged along TM 
and rX. This yields masses of 3.0(5), 16(5) and 11(4) m e 
for aa, as and /3, respectively, corresponding to a Som- 
merfeld coefficient of 29(6) mJ/molK 2 . The fair agree- 
ment with the direct measurement of 39 mJ/molK 2 [l8| 
rules out substantial errors in the experimental Fermi 
velocities. We note that a previous ARPES study on 
non-superconducting Fei+^Te by Xia et al. [26] reported 
a much lower renormalization with m*/mb a nd ~ 2. How- 
ever, this value corresponds to a Sommerfeld coefficient 
of « 9 mJ/molK 2 , which is nearly a factor of 4 below the 
direct measurement [22| indicating that Ref. [26j under- 
estimates the renormalization in the bulk. 

Clearly, a sheet dependent mass enhancement between 
6 - 20 is too high to be caused by electron-phonon inter- 
action or the coupling to spin-fluctuations alone. Instead 
our findings point to a dominant role of electronic cor- 
relations in the low-energy excitations of FeSeo.42Teo.5s- 
We note that DMFT calculations for ferro-pnictides ap- 
plying correlations to the Fe d shell only found much 
lower quasiparticle weights than observed experimentally 
d, Qj} ■ This suggests that subtle differences in the p — d 
hybridization between the (FePn) - and Fe(Te,Se) fami- 
lies may account for the markedly higher renormalization 
in the chalcogenides jjjfl H3| • Interestingly, our DFT cal- 
culations show that the a.2 sheet, which shows the lowest 
renormalization, has a higher chalcogen p contribution to 
the wave function than 013. Although correlations appear 
to dominate the mass enhancement in FeSeo.42Teo.5s, our 
data do not exclude a significant contribution from cou- 
pling to the strong nea r-(7r, it ) spin fluctuations observed 
by neutron scattering 27H29|. In particular, coupling of 
the 0:2,3 sheets - which are nested with the j3 electron- 
pockets at the M-point - might contribute to the higher 
renormalization of these sheets as compared to the a\ 
band. Though in the absence of a clear energy scale in 
the data such an interpretation remains speculative. We 
also point out that the strong correlations in Fe(Se,Te) 
lower the crossover energy between coherent quasiparti- 
cle states and strongly incoherent excitations with a more 
local character from several tenth of an eV in (FePn) - 
systems to 50 - 80 meV in Fe(Se,Te), comparable to other 
strongly correlated multi-band systems with a similar 
mass enhancement (38| . This suggests that an itinerant 
interpretation of spin-fluctuations in iron chalcogenides 
is appropriate at low energy only. 

In summary we have observed a strongly renormal- 
ized quasiparticle band structure in FeSeo.42Teo.5s with 
effective carrier masses up to 16 m e . The mass enhance- 
ment is sheet dependent and roughly an order of magni- 



tude larger than in the 1111 and 122 pnictides families. 
This demonstrates that the normal state of FeSeo.42Teo.5s 
is a strongly correlated metal and differs significantly 
from the ferro-pnictides. We hope that these findings 
motivate further theoretical work investigating the mi- 
croscopic reasons for the strong mass enhancement and 
the remarkable insensitivity of superconductivity to the 
sizable change in the strength of correlations between 
FeSeo.42Teo.58 and the iron-arsenides. 
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